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The amyloid peptide assemblies are rich in β-sheet struc-
tures,1 which are associated with the pathogenic toxicity.2 A

number of organic species have been tested as molecular probes
for studying fibril formation processes3,4 and suggested to affect
fibrillization in vitro5�7 and in vivo,8,9 which have inspired great
interest in developing potential diagnostic and therapeutic strate-
gies. The labeling molecules have enabled molecular imaging
techniques such as fluorescence, positron emission tomography
(PET)10 to gain molecular level insight of binding characteristics
to amyloid deposits. Thioflavin T (ThT), as one of the widely
used fluorescence labeling species with amyloid complex forming
enhanced fluorescence, usually is used to study in situ kinetics of
amyloid formation processes.11�15 It has been reported that
fluorescence efficiency is strongly dependent on the conforma-
tion of ThT and the deviation from planar conformation may
lead to dramatic reduction of fluorescence of ThT molecules.8

The conformation of the ThTmolecules could be affected by the
methyl group attached to the nitrogen atom of the benzothiazole
moiety16 and rotation of the benzamine moiety around the C�C
bond4 when binding with amyloid. However, the molecular
mechanism is still not clear until now. In addition, recent studies
suggest that ThT could be applied promisingly to destabilize the
amyloid fibrils for potential therapeutical applications.17 There-
fore, it is an important issue to identify the possible binding sites,
molecular orientations, and conformations of the labeling mol-
ecules upon binding with amyloid peptides.

The interaction between probe molecules and amyloid
peptides has been widely studied by a number of techniques,

including X-ray diffraction (XRD),18�20
fluorescence,21 circular

dichroism,22 isothermal titration calorimetry,18,22,23 confocal
microscopy,11 molecular dynamics simulation,24,25 and compu-
tational modeling.21,26 Several binding configurations have been
proposed on the basis of theoretical and experimental studies.
The central pore region of amyloid fibrils is one of the proposed
binding locations determined by small-angle X-ray scattering and
XRD.18,19 The “channel” binding site formed by side chains of
residues along the fibril axis have also been shown by many
reports, which suggested the perpendicular orientation of the
labeling molecular axes to the peptide strands.11,21,22,24,25The
parallel orientation of probe molecules to the peptide strands is
another proposed binding mode, which is paid more attention in
the recently published theoretical studies.20,24�26 The proposed
three binding modes are yet to be clarified at the molecular level
because of the lack of direct evidence from structural analysis that
is considerably challenging in both crystal and solution states.

Recently, the progress of using scanning tunnelingmicroscopy
(STM) to observe peptide assemblies at liquid�solid inter-
faces27�30 provides a possible venue to obtain amyloid peptide
structures with submolecular resolution. The core regions of
β-sheet structures have been clearly resolved with STM for the
assemblies of amyloid peptides.27,29 Such progress could also
enable the exploration of the interactions between the labeling
molecules and peptides. The possibility of visualizing the core
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ABSTRACT:The widely used method to monitor the aggregation process of amyloid
peptide is thioflavin T (ThT) assay, while the detailed molecular mechanism is still not
clear. In this work, we report here the direct identification of the bindingmodes of ThT
molecules with the prion peptide GNNQQNY by using scanning tunneling micro-
scopy (STM). The assembly structures of GNNQQNY were first observed by STM
on a graphite surface, and the introduction of ThT molecules to the surface facilitated
the STM observations of the adsorption conformations of ThT with peptide strands.
ThT molecules are apt to adsorb on the peptide assembly with β-sheet structure and
oriented parallel with the peptide strands adopting four different binding modes. This
effort could benefit the understanding of the mechanisms of the interactions between
labeling species or inhibitory ligands and amyloid peptides, which is keenly needed for
developing diagnostic and therapeutic approaches.
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regions of peptide sequence would enable molecular level insight
of the interaction between probe molecules and peptides, thus
providing complementary knowledge on bind processes in
fibrillar states.

Extensive studies have shown the misfolded structures of the
yeast protein Sup35 to form the [PSIþ] prion.1,31 The Q/N rich
fibril forming fragment (GNNQQNY) is from the N terminus of
the prion-determining domain of Sup35, which is responsible for
prion formation. The fibrils formed by GNNQQNY display the
common features of amyloid fibrils:31 unbranched morphology,
the cross-β diffraction pattern, and binding of the dye molecules
Congo red (CR) and ThT. The XRD studies of GNNQQNY
reveal characteristic parallel β-sheet structures with the side
groups of the residues distributed at both sides of the β-sheet
and interdigitated to form steric zippers that stabilize the inter-
sheet complexes.31 The structural and chemical characteristics of
the residues are therefore crucial in the formation of such steric
zippers among β-sheets.1,32 Such crystalline peptide structures
involve interactions between similar residues. It could be ex-
pected that further exploration of the interactions between
amyloid peptides and labeling organic species could enrich the
understanding of the assembly mechanism and the aggregation
process of amyloid peptides.

The current study is motivated by the need to unveil the
binding modes of labeling molecules at molecular level with
amyloid fibrils. ThT is chosen as a model labeling species in this
study, whose overall molecular shape would be like a trapezoid as
illustrated in Scheme 1.With the observations of amyloid peptide

assemblies29 and organic molecules,33 it is now feasible to
investigate the assembling of peptides, such as GNNQQNY,
and to unveil the detailed binding features between labeling
molecules and the peptides. In order to identify the relative
location of ThT molecules on peptide assembly, 4,40-bipyridyl
(4Bpy) molecules (Scheme 1) are introduced into the system to
label the C termini of the prion peptides due to the strong
hydrogen bond formation between N atoms on 4Bpy and C
termini of peptides.34 The STM observations suggest that
binding of ThT molecules to GNNQQNY peptides could be
described by modes with notable differences in adsorption
configurations and populations.

’RESULTS AND DISCUSSION

The prion fragment GNNQQNY assembly has been observed
with lamella characteristics in STM images (Figure S1A in the
Supporting Information). This is in analogy to the previous STM
observations of the amyloid peptides (β-amyloid27 and amylin29).
The peptides are arranged with their molecular axes approxi-
mately perpendicular to the long axis of the lamella. It has been
known that only stably adsorbed molecular species could be
achieved with high-resolution STM images under ambient con-
ditions, and the structural fluctuations of the residue groups in
the peptide assemblies could obscure the structural details
reflected as contrast in STM images, resulting in less quanti-
tative fine features that could be attributed to the specific
residue groups.

In order to identify the C-terminus of the peptide, the
coassembly molecule 4Bpy (Scheme 1) has been introduced in
our studies.34 Figure 1A is a typical STM image of the coassem-
blies of GNNQQNY and 4Bpy on a highly orientated pyrolytic
graphite (HOPG) surface. Since the conjugated π-electron
moieties of 4Bpy lead to enhanced contrast in STM images,
4Bpy molecules can be associated with the linear arrays with
relatively high contrast. The stripes with reduced contrast in the
middle of two neighboring strings of 4Bpy are consisted of
GNNQQNY peptides arranged in head-to-head configurations,
similar to the previously reported STM observations of organic
molecular assemblies.35 The high-resolution STM image
in Figure 1B illustrates the formation of the heterogeneous

Scheme 1. Molecular Structures of Thioflavin T (ThT) and
4,40-Bipyridyl (4Bpy)a

a In ThT chemical structures, the benzothiazole group is larger than the
dimethylaniline group considering the local density of electronic states,
as shown in the dashed trapezoid marked.

Figure 1. Large-scale (A) and high-resolution (B) STM images of GNNQQNY/4Bpy coassembly. Tunneling conditions: I = 329.6 pA, V = 880.0 mV.
The angle R in (B) represents the angle between peptide strand axes and the lamella direction.
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organic-peptide assembly structure which is facilitated by the
strong N 3 3 3H�O hydrogen bond between 4Bpy and the
C-terminus of GNNQQNY. This kind of hydrogen bond has
been proved to be very stable up to 165 �C characterized by
variable-temperature Fourier transform infrared spectroscopy
(FTIR).36 The angle R between peptide strand axes and the
lamella direction is measured to be 28 ( 2�, as the reflection of
the hydrogen bond interaction between terminal functional
groups.37,38 The lengths of GNNQQNY peptides are measured
to be 2.4 ( 0.1 nm which is consistent with the expected
extended peptide strand length. (Figure S2 in the Supporting
Information). The distance between neighboring strands are
measured to be 0.47 ( 0.02 nm, which is consistent with the

reported values for β-sheet structures by XRD and STM
techniques.1,29 The observation of parallel β-sheet structure of
GNNQQNY peptides may make it feasible for studying site-
specific interaction of labeling molecules by using STM.

It has been known that benzothiazole dye ThT displays a
strong increase in fluorescence upon binding to amyloid fibrils
and has hence become themost commonly used amyloid-specific
labeling agent.11,13,15,17,39 Therefore, the direct identification of
the binding behaviors of ThT with peptide strands at the
molecular level would be very interesting. The large-scale STM
image (Figure 2A and Figure S5A in the Supporting In-
formation) illustrates the binding modes of the labeling mol-
ecules ThT with GNNQQNY peptides. The ThT molecules

Figure 2. (A) Large-scale STM image of ThT binding to GNNQQNY/4Bpy coassembly. (B, C) High-resolution STM images of type C and type N
binding modes of ThT bound to GNNQQNY peptides tagged with 4Bpy. Tunneling conditions: I = 341.7 pA, V = 832.4 mV. The adsorbed ThT
molecules are highlighted by the red trapezoids.
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(bright spots) are randomly distributed in STM images. The
ThT molecular axes are oriented predominantly parallel to the
GNNQQNY strands, which could be clearly differentiated from
the linear arrays of 4Bpy molecules. The angle between the ThT
molecular axes and the peptide strands is measured to be 0( 3�.
Since the C-termini of the GNNQQNY strands were tagged with
4Bpy molecules, the binding sites of ThT molecules can be
clearly observed in the typical high-resolution STM images
(Figure 2B and C). Moreover, the ThT molecules appear as a
trapezoid (∼1.5 nm in length) with different-sized molecular
ends (Scheme 1). In addition to the major parallel binding
modes, a small fraction (<5%) of ThT molecules are observed to
be immobilized into the trough between two stripes ofGNNQQNY
peptides or regions of N-termini, or at domain boundaries which
commonly occurs in coadsorption structures.

The adsorption configurations of labeling molecules to pep-
tide strands have been proposed in a number of previous simu-
lation studies.24,26 In the earlier molecular model, it is suggested
that the labeling molecule CR intercalates between two peptide
monomers at an interface formed by a pair of antiparallel peptide
strands.26 In some molecular dynamics simulations, the binding
sites observed were either at the ends of the fibril or on top of the
β-strand.24,25 In the current study with STM molecular level
observations on the binding modes of ThT with GNNQQNY
peptides, the parallel binding configurations could be further
characterized as two binding modes: type C is next to the
C-termini of the GNNQQNY strands and type N is next to
the N-termini (Figure 2B and C).

It has been suggested that there may exist a “channel” binding
mode that ThT bounds to peptide assemblies along the axis of
amyloid fibril in the previous studies by confocal microscopy,11

XRD study,21 and modeling analysis.25 The binding character-
istics of ThT molecules to the channels formed by amino acid
residue groups in amyloid fibrils could be affected by the shape
complementarities between the channels. Such “channel” bind-
ing modes could not be found in our STM observations possibly
due to the fact that the proposed “channel” structures in
aggregated fibrils form may not be available for the monolayer
assembly of surface-bound peptides in the present study. In
addition, the presence of 4Bpy could also change the relative
registration of the peptides within lamellae, which could be
reflected in the tilt angle between GNNQQNY molecular axes
and the lamella direction for the coassembled structures (28( 2�
in Figure 1B) compared to nearly 90� in the pristine peptide
assemblies. Despite structural differences of peptide assemblies
in solution and at the solution�solid interface, the observed
binding effects of ThT on surface-bound peptide assemblies
could still be useful to elucidate the localized interactions
between labeling species and various residues of peptides. The
underlining mechanisms for binding behaviors at the molecular
level are definitely worthy of further studies.

Based on the high-resolution STM images (Figure 2B and C)
and the chemical structures of ThT (Scheme 1), the wider end of
ThT molecules could be ascribed to the benzothiazole group as
highlighted by the red trapezoids. In binding type C, the wider
end (benzothiazole group) is preferentially situated close to the
C-termini of GNNQQNY strands. This binding mode may be
associated with the dipole�dipole interaction between the
benzothiazole groups of ThT molecules and C-termini of
GNNQQNY peptides. The statistical result shows the higher
number frequency of orientations with the benzothiazole groups
next to the C-termini of peptides than those of dimethylaniline

groups (Figure S3 in the Supporting Information), which may
explain the specific binding modes for the ThT molecule. In
binding type N, the ThT molecules are adsorbed across two
neighboring rows of peptide assembly (Figure 2C) and thus
the orientation of the ThT molecules is equivalent with even
distribution.

Close examination of the distribution of the adsorbed ThT
molecules further reveals four possible binding sites as shown in
Figure 3A and Figure S5B in the Supporting Information. TypeC
is close to the C-termini as marked by the 4Bpy, and type N is

Figure 3. (A) High-resolution STM images (6 nm � 6 nm) and the
corresponding schematic diagrams for the different binding modes of
ThTmolecules. The dashed lines in the upper STM images point out the
peptide orientations. In the lower schematic diagrams, the “8” shaped
features with two blue circles stand for the 4Bpy molecules, the orange
trapezoids for the ThT molecules, and the green arrows for the peptide
strands. The thin black arrows in the lower schematics point out the
peptide strands involved in the ThT binding. (B) Statistical results of
the percentages for the corresponding binding modes in (A). (C) Sche-
matic illustration of the binding modes of ThT with GNNQQNY/4Bpy
coassembly. The backbones of the peptide strands are represented by
orange arrows. Yellow, cyan, and blue color represent S, C, and N atoms,
respectively.
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close to the N-terminal represented by the trench regions in the
assemblies. The binding affinities of the two binding sites are
different according to the ratio of adsorbates (type C/type N =
68:22 (number frequency) = 76%:24%; Figure 3B) in STM
images. Furthermore, the relative binding configurations of the
ThT molecules to peptide molecules could be identified from
STM images. As illustrated in Figure 3A, the ThT molecules are
bound either intercalating between two adjacent peptide chains
(mode A) or directly on top of the peptide chains (mode B), and
both have been proposed previously.24�26 Four binding modes
are illustrated in the schematic diagram in Figure 3A. It is also
noticeable in our STM observations that the majority of ThT
molecules are bound directly on top of the peptide strands
(mode B) rather than in the locations between the peptide chains
(mode A) according to the ratio of adsorbate (A/B = 10:80
(number frequency) = 11%:89%/ Figure 3B and Figure S4 in the
Supporting Information). The detailed results for the ThT
binding modes have been concluded in the histogram in
Figure 3B and Figure S4 in the Supporting Information. In the
four binding modes for the ThT molecules with parallel config-
uration, binding next to the C-terminus and on top of peptide
strands is the preferential binding mode accounting for 69% in
the statistical results. The preferential binding of the benzothia-
zole moiety of ThTmolecules to the C-termini of peptides could
be explained as the electrostatic attraction between positively
charged moieties and negatively charged carboxyl groups by
partial deprotonation under ambient conditions. The specific
binding could also be associated with the hydrogen bond
formation between ThT molecules and the C-termini residues
Y and/or N. The schematic diagram of the ThT molecules
binding to the GNNQQNY/4Bpy coassembly has been illu-
strated in Figure 3C.

In this STM work, several specific binding modes of ThT with
GNNQQNY strands have been identified at the molecular level.
It may be noticed that the assembly configurations for surface-
bound peptide assemblies could differ from the fibrillar structures
considering the two-dimensional nature of the surfaces. Because
the binding environments for probe molecules may be varied,
some of the bindingmodes proposed in previous studies could be
possibly discernible in STM investigations. Several points could
be inferred from the current study: the ThT molecules are mixed
previously in the peptide solution before the STM observation,
which is similar to the ThT assay; the binding results are obtained
at liquid�solid interfaces, where the water molecules may still be
involved in by surrounding peptide assemblies; the high-resolu-
tion STM images could give the molecular-level evidence on the
binding modes of labeling molecules and amyloid aggregation
inhibitors as well, which is challenging by using crystallography
and spectroscopic studies for amyloids. Therefore, this binding
mode work may be helpful for realizing the molecular mechan-
isms of ThT fluorescence enhanced assay as well as amyloid
aggregation and inhibition pathways interfered by inhibitors.

’CONCLUSIONS

In summary, the assembly structures of GNNQQNY have
been observed using STM. ThT molecules are found to adsorb
on the GNNQQNY β-sheet structure and parallel to the peptide
strands. Four different binding modes of ThT to the peptide
chains of GNNQQNY are identified. This effort could help
obtain complementary insight of the peptide sequence effect
or other structural and chemical effects on the interaction

characteristics of labeling species, and binding mechanisms of
inhibitory ligands associated with amyloid aggregation and
toxicity, which are keenly needed for developing diagnostic and
therapeutic approaches.

’METHODS

Sample Preparation. Synthetic peptide (GNNQQNY) was dis-
solved in chromatographic grade acetonitrile (ACN) to a concentration
of 1 mg/mL (Supporting Information). A total of 1 μL of solution was
deposited on a freshly cleaved HOPG surface. STM experiments were
performed after the solvent ACN was evaporated from the HOPG
surface.

GNNQQNY (1 mg) and the solid powder of 4Bpy (1 mg) were
dissolved in ACN (1 mL) to a concentration of 1 mg/mL. An amount of
1 μL of solution was deposited on HOPG immediately after mixing. In
the binding experiments, the labeling molecule ThT (0.1 mg/mL) was
first mixed with the solution of GNNQQNY and 4Bpy. Then 1 μL of
mixed solution was deposited on HOPG surface and followed by the
similar procedure.
STM Measurements. STM experiments were performed in con-

stant-current mode under ambient conditions (Nanoscope IIIa scanning
probe microscope (SPM) system, Veeco). The tips were mechanically
formed Pt/Ir wire (80%/20%). The STM tunneling conditions are
described in the corresponding figure captions. Experiments were
repeated more than five times independently using different tips.
Statistical Methods. The lengths of the peptide strands in STM

images are measured by using the Nanoscope software. A step size of
0.325 nm for every residue is assumed in the statistical histogram of the
length distribution of the peptide assemblies, which is fitted by Gaussian
distribution. The measured lengths in the histograms represent the
average value of the independent experiments. The number frequencies
in the statistical results are all based on number of events. The statistical
results for the binding modes are derived from many STM images.

’ASSOCIATED CONTENT

bS Supporting Information. STM images of GNNQQNY;
histogram of statistical distribution for length measurements of
GNNQQNY peptides; plot showing frequency of binding or-
ientation of ThT molecules in Type C; table of statistical results
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STM images of ThT binding to GNNQQNY/4Bpy co-assembly.
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